Background. Stock-flow (SF) problems are ubiquitous in nature, ranging from the accumulation of water in a tub to the accumulation of CO 2 in the atmosphere. However, research on SF failure repeatedly demonstrates that people have severe difficulties understanding even the most basic SF problems.
1. to separate difficulties caused by the presentation format of the SF task from difficulties caused by the SF system itself and 2. to develop a presentation format that enables more participants to derive correct conclusions in SF systems
In the context of simulations and games, presentation formats that deliver valid assessment of people's understanding of SF systems are especially important, because the simulation or game should not only measure people's understanding, but also help them understand. When giving trigger-based feedback, for example, a simulation might assess how well the learner is doing and it might use this assessment for scaffolding (e.g., giving suggestions on possible actions), for delivering background information (e.g., on the state of the system), or for adaptation (e.g., of the difficulty of the simulation). For all of these purposes, a valid assessment of the learner's understanding of the SF system is essential: If the learner's understanding of the SF system is under-or overestimated, then scaffolding cannot be in tune with the learner, background information might be too difficult or unnecessary, and the simulation might demand too much or too little.
Thus far, assessment of people's understanding of SF systems has been rather pessimistic: In the dynamic stock and flows task, for example, participants needed to keep the accumulation of a simulated stock such as water or CO 2 within a predefined range by manipulating user in-and outflow rates under the condition of varying environmental inflow and constant environmental outflow (Dutt & Gonzalez, 2007; Gonzalez & Dutt, 2011) . It was found that, to achieve the desired stock level, participants used a pattern matching heuristic by simply matching the shape of the flow function (e.g., increasing) to the shape of the environmental inflow function, regardless of the constant environmental outflow. Thus, participants disregarded the fundamental SF structure of the problem.
Stock-flow failure was not only found in simulated environments, but even in basic SF systems that were reduced to the essentials: one inflow, one outflow, and one stock (Sterman & Booth Sweeney, 2002 . In these paper-based tasks, participants were typically first presented with an introduction to the scenario, such as atmospheric CO 2 concentration. They were then presented with a graph depicting atmospheric CO 2 concentration stabilizing from the year 2100 onward and with a graph depicting previous CO 2 emissions and absorptions. Participants were asked to sketch emission and absorption trajectories, so that a stabilizing CO 2 concentration could be achieved. In similar fashion to results from simulations (Dutt & Gonzalez, 2007; Gonzalez & Dutt, 2011) , participants typically made use of a pattern matching heuristic, sketching inand outflows that followed the trajectory of the stock. As a result, drawn emissions typically exceeded absorptions leading to an actual increase of atmospheric CO 2 (Sterman & Booth Sweeney, 2002 . SF failure was also demonstrated for multiple-choice answer formats, different outcome scenarios (e.g., atmospheric CO 2 concentration decreasing), and different semantic embeddings (Booth Sweeney & Sterman, 2000; Cronin & Gonzalez, 2007; Sterman & Booth Sweeney, 2002 . Thus, SF failure has so far been found both in simulations and in a wide range of simplified paper-based tasks.
We argue, however, that it is necessary to distinguish different sources of difficulty that might arise when dealing with SF problems. Specifically, in simulations, participants might lack skills to regulate the system (Mislevy, 2011) . If that is the case, participants might know what to do, but they simply cannot do it well or fast enough (i.e., they might possess declarative, but lack procedural knowledge). Moreover, previous paper-based tasks, despite variation, all contained one possibly critical aspect: an overall scientific notation including coordinate systems, graphs, and percentage values. It has been shown in several studies that comprehension of coordinate systems and graphs is error-inducing (Carpenter & Shah, 1998; Gattis & Holyoak, 1996; Shah & Carpenter, 1995) and that participants have difficulties dealing with percentage values (Gigerenzer & Hoffrage, 1995; Hoffrage & Gigerenzer, 1998; Hoffrage, Lindsey, Hertwig, & Gigerenzer, 2000) . Consequently, people might possess a basic, declarative, understanding of SF systems, but this might have been concealed in previous research in which additional and potentially error-inducing skills and knowledge were needed. Cronin et al. (2009) specifically investigated whether SF failure is a mere artifact of using coordinate systems by presenting participants with alternative formats (line graphs, bar charts, texts, and tables; see Figure 1 for the textual display). Participants needed to solve the so-called department store problem, describing the number of people entering and leaving a department store over a period of time. To control for comprehension of the presentation format, participants were asked at what time most people entered or left the department store. Because the majority of participants were able to answer these control questions correctly, but still showed SF failure, the Cronin et al. concluded that SF failure is not an artifact of the presentation format, but rather a fundamental error in human reasoning. Source. Cronin, Gonzalez, and Sterman (2009) . Note. SF = stock-flow.
However, this conclusion might be premature for three reasons. First, the control questions could be answered correctly by using simple salience heuristics picking the highest or lowest number given. Thus, only a superficial understanding of coordinate systems was necessary. An arguably deeper understanding, however, is necessary to be able to answer the SF problems. Second, the control questions tested interpretation of graphs and not the construction thereof. However, construction of graphs was a prerequisite for solving the SF problems correctly. Third, in all data displays-even the textual-specific numerical information was salient. We argue that this salience of quantitative information encourages participants to focus on and work with the given numbers, rather than making an effort to detect the underlying SF structure. It is conceivable that a qualitative presentation format might encourage and enable participants to detect the underlying SF structure.
The experiment presented in this article investigated whether different SF problems measure construct-relevant aspects of the problem (understanding of SF structure) versus construct-irrelevant aspects of the problem (understanding of the presentation format) using two different tasks: Interpretation and Production tasks and Verbal tasks.
Interpretation and Production tasks (I/P tasks):
I/P tasks examined whether participants are equally able to interpret and produce graphs, and whether they are equally able to submit their answers verbally and graphically. These distinctions were introduced to investigate whether participants' potential understanding of SF dynamics was concealed in previous research: If participants are able to answer SF questions correctly when submitting their answers verbally, but then make errors constructing the corresponding line graph, the original presentation format could not be seen as a valid assessment of participants' understanding of SF systems. 2. Verbal tasks: Verbal tasks did not rely on coordinate systems or graphs for either problem description or answer format by using multiple-choice answers. Verbal tasks also contained little or no numerical information. Hence, verbal tasks tested whether SF failure could be reduced or even eliminated when an understanding of coordinate systems is not required, no graphical reference is given, and when participants are encouraged to detect the qualitative gist of the problem structure.
We hypothesize the following:
Hypothesis 1 (H1): Even those participants who correctly solve a given SF problem verbally may not be able to construct the corresponding line graph into a coordinate system. Thus, solution rates for one and the same problem will be lower when a graphical answer is required (Question 4 in the I/P tasks) than when a verbal answer is required (Question 3 in the I/P tasks). Hypothesis 2 (H2): SF failure will be significantly reduced in a verbal and multiple-choice presentation format that comprises no coordinate systems or graphs and little or no quantitative information (verbal tasks).
Method

Participants
A total of N = 107 participants (65% females) between 23 and 75 years of age took part in the experiment. Mean age was 48.4 years (SD = 16.9). All participants gave written informed consent and were debriefed on the purpose and results of the study. The sample consisted of students from the University of Heidelberg and people from the general population. Participants received course credit or 5€ for participation.
Materials
1. I/P tasks: I/P tasks were administered in two scenarios (atmospheric CO 2 concentration, number of children on a playground). Each scenario comprised four questions that we illustrate using the CO 2 scenario (see Figure 2 ). Participants first received a short introduction to the problem describing the relationship between CO 2 emissions, absorptions, and atmospheric CO 2 concentration. Participants were then presented with a coordinate system depicting in-and outflows and four subtasks exploring fundamental understanding of the graphs (Question 1), verbal production of the resulting stock (Question 2), verbal production of necessary inflows and outflows given a decreasing stock (Question 3), and the graphical production of the answer to Question 3 into a coordinate system (Question 4). Note that Question 3 (verbal production of in-and outflows) was an easy question to test whether participants who are able to produce a correct verbal answer necessarily produce a correct graphical answer. Questions in the playground scenario were identical, except that in Question 3, participants were asked to achieve a stabilizing stock (see Appendix A for the complete playground scenario). 2. Verbal tasks: Verbal tasks comprised a verbal description of the problem and a multiple-choice answer format, and were administered in three different scenarios (money in a piggy bank, water in a bathtub, atmospheric CO 2 concentration). Participants first received a short introduction to the problem. In the bathtub (piggy bank) problem, participants were then asked to name the correct strategy in order to achieve a stabilizing (rising) stock, that is, to give a qualitative estimation of flows. In the CO 2 problem, participants needed to determine how the stock reacts if emissions were reduced by 30%, that is, to give a qualitative estimation of the stock. For illustration, in the bathtub scenario, participants were given the following instructions and problem (see Appendix B for the piggy bank and CO 2 scenario): Thus, the bathtub scenario was a verbal translation of the original presentation format (Sterman & Booth Sweeney, 2002 comprising one inflow and one outflow and a to-be-stabilized stock.
Procedure
Each participant completed both I/P tasks (playground, CO 2 ) and one randomly assigned verbal task (bathtub, piggy bank, CO 2 ). Presentation order was randomized.
Results
In the I/P tasks, the majority of our sample (M = 97%) was able to correctly read and interpret the graphs (Question 1, see Figure 2 ). Also verbal production tasks about both flows (Question 2, M = 83%) and stocks (Question 3, M = 89%) were answered correctly by the majority of participants, producing no significant difference between Figure 2 . Example of the I/P task: Atmospheric CO 2 scenario (translated).
Note. Participants are presented with emissions and absorptions trajectories. The following subtasks test participants' understanding of graphs (Question 1), verbal production of the resulting stock (Question 2), verbal production of necessary inflows and outflows given a decreasing stock (Question 3), and graphical production of the answer to Question 3 into a coordinate system (Question 4). I/P = interpretation and production.
both tasks, χ 2 (1, N = 107) = 1.39, p = .24. However, in line with our expectations, translating verbal answers of flows (Question 3) into a graphical presentation (Question 4) was only accomplished by 57% of the sample. A McNemar test yielded a significant difference between solution rates of the verbal and the graphical production tasks (Questions 3 and 4), χ 2 (1, N = 107) = 8.65, p = .003, indicating that for most participants, answers were easier to provide in a verbal than in a graphical format. Unexpectedly, while no significant differences were found in the CO 2 scenario compared with the playground scenario for Questions 1 to 3 (p > .05), a McNemar test yielded a significant difference between solution rates of the two scenarios in the graphical production task (Question 4), χ 2 (1, N = 107) = 16.80, p < .001: While 79.3% of the participants were able to sketch their answer in the CO 2 scenario, only 35.4% were able to sketch their answers in the playground scenario. That is, participants were more correct drawing the relation "outflow must be smaller than the inflow" than drawing the relation "outflow must equal inflow." We found a typical mistake in sketching the latter: Instead of drawing two identical lines, 22% of participants drew two parallel lines, resulting in different y values for in-and outflows. (Note that lines were only rated as parallel, and not as identical if they were at least 0.2 inch apart.) In summary, we found that when participants needed to submit their answers graphically, solution rates to the SF questions were dramatically lower than when participants submitted their answers verbally.
In line with our hypothesis, the majority of our sample was able to answer SF questions in the verbal tasks, yielding an average correct solution of M = 86%. Specifically, solution rates ranged from 98% and 90% (bathtub and piggy bank task, respectively) to 70% (CO 2 task). Thus, SF failure could be reduced when a presentation format without coordinate systems and graphs and without a focus on quantitative information was used.
Discussion
The present experiment tested whether SF failure can at least partly be explained by the presentation format. Results showed not only that participants have difficulties dealing with the graphical format used in previous research, but also that that SF reasoning improves dramatically in a verbal format.
In line with our hypothesis, I/P tasks revealed that the requirement of the standard task to produce graphs may have decreased solution rates. We found that solutions to one and the same task were reduced by up to 50% when a graphical compared with a verbal answer was required. Thus, submitting answers graphically results in a dramatic underestimation of participants' true SF reasoning abilities.
One task with a stabilizing stock was particularly revealing: In the verbal condition, most participants arrived at the correct solution (inflow equaling outflow); when asked to draw this exact answer into a coordinate system, however, nearly one quarter of our participants sketched two parallel lines. This misconception in the construction of graphs may partially explain the typical mistake in the standard task with stabilizing stock (e.g., Sterman & Booth Sweeney, 2007) : Our results suggest that at least some participants may well have the correct verbal representation of the inflow needing to equal the outflow, but then submit a wrong answer by sketching the inflow paralleling the outflow. Thus, the original task presentation format using coordinate systems and graphs seems to underestimate participants' ability to grasp SF problems because an error-inducing layer is added between participants' mental representations and their submitted answers.
Although different cognitive mechanisms might be required for estimating flows from a given stock than vice versa, solution rates between both kinds of I/P tasks did not differ significantly. This result implies at least that the majority of people are able to accomplish both if the tasks are presented verbally. Possibly, this might even hint toward the underlying cognitive mechanisms being rather similar.
When both a focus on quantitative information and the use of coordinate systems and graphs were avoided in the verbal tasks, a majority of participants arrived at the correct solution to different SF problems. This result suggests that participants are able to understand the qualitative gist of SF problems when they are presented verbally.
Even the use of the pattern matching heuristic was significantly reduced in the verbal CO 2 task given that 70% of participants correctly answered that the stock increases, even if CO 2 emissions are reduced. In other contexts, it was repeatedly shown that participants are able to overcome simple heuristics with insight and prefer to make use of the causal structure underlying the problem (Brehmer, 1976; Garcia-Retamero, Wallin, & Dieckmann, 2007; Gonzalez, 2004) . Similarly, it was assumed before that participants might either use the pattern matching heuristic or make use of the problem's causal structure (Cronin et al., 2009 ). In line with this reasoning, present results suggest that if SF tasks are presented in such a way that participants have problems understanding their causal structure, they make use of the simple pattern matching heuristic. If, however, tasks are presented in such a way that participants can detect their causal structure (verbal tasks), participants are able to arrive at more complex inferences.
Limitations and Future Directions
The question may be raised as to whether our SF tasks were too easy, especially because of the exclusive reliance on multiple-choice answer formats with only three answer options. It seems plausible that questions involving the selection of an option are easier to answer than questions requiring the construction of an answer. Nevertheless, average correct solution rates were clearly over 30% guessing rate, implying at least that most participants were able to understand the qualitative gist of SF problems when they were presented verbally. Participants also showed a systematic error in constructing line graphs (parallel lines as representing equal in-and outflows) that was only detected because of the easier structure of multiple-choice answers. Moreover, old participants performed equally well as young student samples that are most likely more experienced in answering multiple-choice questions. Thus, we argue that the reason for higher solution rates goes beyond the choice of multiplechoice answer formats. It is up to further research to determine, however, just how far solution rates will change when more and more difficult answer options are provided-present results demonstrate that at least a basic understanding is possible in that participants are able to distinguish between the three basic states of the SF system (increasing, stable, decreasing) and its flows (inflow bigger than, smaller than, or equal to outflow).
Furthermore, one could argue that, albeit structurally equivalent to SF tasks used previously, our verbal tasks gave away the problem structure to participants. However, even though verbal tasks differed in the extent to which the structure was made explicit to the participant in the answer options, solution rates were high even in the most difficult task: Whereas in the piggy bank scenario, the magnitude of the inflow was explicitly related to the magnitude of the outflow, in the bathtub scenario, only the inflow was mentioned in the answer options, and participants needed to establish the relation between in-and outflows on their own. In the CO 2 scenario, this relation even needed to be established for a specific amount of inflow reduction. Consequently, verbal tasks did not simply give away the problem structure, but they better enable participants to detect it.
Therefore, whether people can or cannot detect the SF structure seems to depend on how the problem is presented. This result opens a window to a range of possible research questions on the link between perception and processing of SF problems. Previously, clear links have been shown between perception and higher level cognitive processes. For example, it was shown that global perceptual attention enhances creative thinking (Friedman, Fishbach, Förster, & Werth, 2003) . Likewise, global versus local perceptual attention might affect solutions to SF problems as well, because a global focus (e.g., "overall, the inflow is bigger than the outflow") is likely to result in higher solution rates than a local focus (e.g., "in Year 5, the inflow is 7Gt of CO 2 "). Thus, future research could deepen our understanding of the links between problem presentation, perceptual attention, and solution strategies. The present experiment demonstrated the existence of such a link; future research is needed, however, to demonstrate the exact nature of it. Potential insights could then be used to help people understand and deal with more complex SF problems than the ones presented here (e.g., problems containing multiple in-and outflows or nonlinear trajectories).
Implications for Simulation-Based Learning and Assessment
Contrary to previous arguments (Sterman, 2008) , present findings suggest that participants have an understanding of the fundamental SF structure, a finding that bears implications for simulation-based assessment and learning. In simulation studies, it was shown that people have great difficulties regulating simulated SF systems (Dutt & Gonzalez, 2007; Gonzalez & Dutt, 2011) . Given the present findings, one possible explanation for this phenomenon can be excluded: It is not impossible per se for people to understand basic SF structures. Consequently, two possible explanations remain: First, while the present experiment used basic SF problems, typical simulations, in contrast, contain a range of variables and resulting interactions, putting high demand on cognitive capacity and decreasing human ability to process the system structure (Halford, Baker, McCredden, & Bain, 2013) . Second, even participants who are able to detect the simulated system structure might lack necessary procedural knowledge on how to deal with the system (Mislevy, 2011) . Consequently, it seems necessary to investigate to what extent people's difficulties regulating dynamic and complex SF systems can be accounted for by (a) a lack of understanding of the system structure due to many interacting variables and (b) a lack of procedural knowledge.
It has been the subject of debate how simulations and games should be designed to be as effective as possible (Morgan, 2000) . The present results suggest that the problem presentation could be complemented with verbal descriptions of the respective system. For example, a game on the climate system could help struggling learners by presenting additional, verbal information on how CO 2 is emitted into, and absorbed from the atmosphere. That way, the system structure would be made more accessible and the learner could proceed to more advanced questions, for example on possible actions to regulate the climate system.
Moreover, we suggest that learners' knowledge about the SF system should not only be inferred from their actions, but should additionally be assessed verbally to deliver an assessment of both knowledge and skill while working with a simulation.
It is interesting to speculate how the use of pictorial (not graphical) information might affect understanding of SF systems. For example, to visualize SF systems, one might see actual CO 2 molecules collect in the atmosphere. In contrast to scientific notations such as coordinate systems and graphs, pictorial information should not be intrinsically difficult to understand. According to cognitive load theory, however, processing of information generally uses up cognitive resources that cannot be used for processing of other information. If one piece of information can be fully comprehended on its own, additinal information such as a picture does not aid learning, but uses up cognitive resources nevertheless (Sweller & Chandler, 1994) . It is possible that when additional pictorial information is given, the text or simulation is processed less intensively, and learning can even deteriorate (Rasch & Schnotz, 2009; Schnotz & Bannert, 1999) . Consequently, additional pictorial information would need to add informational value that the simulation or text alone does not deliver, and it would need to deliver that information in a computationally efficient way (Rasch & Schnotz, 2009) .
Implications for Communication of SF Problems
Concerning the communication of SF problems such as the accumulation of debts, or the accumulation of CO 2 in the atmosphere, we suggest that display formats used in media reports such as reports by the Intergovernmental Panel on Climate Change (IPCC) could be rendered more accessible by reducing the amount of quantitative information to a minimum. Thus far, these reports contain a large number of scientific graphs on atmospheric CO 2 (see, for example, the most recent IPCC, 2007, report) . Importantly, the way information is presented not only affects the understanding of the problem, but also the quality of subsequent decision making (Covey, 2011) . It was argued, for example, that people's misunderstanding of SF structures inherent to climate change could explain their lack of motivation to contribute to climate change mitigation (Sterman, 2008) . Consequently, presenting SF problems such as climate change in a verbal format not only enhances people's understanding of the problem, but might, as a result, also affect their ability to decide on a correct solution, or even whether to pursue a solution.
Conclusion
The present experiment demonstrated that people are better able to deal with SF systems if the problems are presented in a purely verbal format. This result suggests that both simulation-based learning and communication of SF problems could be rendered more effective by giving more weight to verbal information. On a more general level, these findings support the idea that people can deal with even highly complex problems if they are presented in accessible formats.
